The human T-cell leukemia virus (HTLV-1) Rex protein is required for the cytoplasmic expression of the incompletely spliced transcripts that encode the viral structural proteins. This effect is mediated by a highly structured cis-acting RNA element of 254 nucleotides termed the Rex response element, or RexRE. Here we demonstrate that one of the four known RexRE stem-loop structures as well as a 43-nt segment derived from this element is sufficient to mediate Rex function in vivo. Upon duplication, this stern-loop is shown to function as efficiently as the full-length RexRE. In vitro RNA binding analyses with wifdtype and mutagenized RNA show that this stem-loop contains a high affinity binding site for Rex that coincides with a predicted bulge structure in the central part of this stem-loop. These results indicate that a small region of the RexRE containing a high affinity binding site is sufficient to mediate Rex function and suggest that sequences outside of this binding site have no unique role in mediating Rex regulation.
INTRODUCTION
Human T-cell leukemia virus (HTLV-1) (Poiesz et al., 1980) causes adult T-cell leukemia (Yoshida et al., 1982; Hinuma et al., 1981) , a malignant disease of CD4-positive T-lymphocytes and a degenerative neuropathy called HTLV-1 associated myelopathy or tropical spastic paraparesis (Osame et al., 1986; Gessain et al., 1985) . The viral replication cycle is regulated by two nonstructural nuclear proteins which are translated from overlapping open reading frames on the same doubly spliced transcript Sodroski et at, 1984) . Tax is a 40-kDa protein that efficiently stimulates HTLV-1 transcription (Cann et al., 1985; Sodroski et al., 1984) . Additionally Tax activates cellular promoters of lymphokine receptor and transcription factor genes and induces deregulation of host cell replication (for review, see Cullen, 1992; Grassmann et al., 1994) . The 27-kDa Rex protein is required for the expression of structural proteins which are translated from the unspliced and the singly spliced viral transcripts (Kiyokawa et al., 1985; Inoue et al., 1987) . Rex action depends on three functional protein domains. These function in the specific binding to viral RNA (Grassmann et al., 1991; Bogerd et al., 1991) , in multimerization (Weichselbraun et at, 1992b; Bogerd et at, 1991; Bogerd and Greene, 1993) , and in the interaction with an as yet unknown cellular cofactor (Weichselbraun et at., 1992a; ). An arginine-rich nuclear local-' To whom reprint requests should he addressed.
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ization signal is an indispensible part of the RNA binding domain (Grassmann et al., 1991; Hammes and Greene, 1993) . Rex function is mediated by a highly structured RNA element (RexRE) located in the R and parts of the U3 region of the long terminal repeat (LTR) that is specifically bound by Rex protein in vitro (Grassmann et al., 1991; Bogerd et at, 1991; Unge et at, 1991; Ballaun et al., 1991) . This element consists of two stems and four stem-loops (Toyoshima et al., 1990; Hanly et at, 1989) . The same element is required for the functional arrangement of the poly(A) signal and poly(A) addition site and therefore for the synthesis of functional mRNA . Earlier analyses of mutated RexRE in vivo have suggested that structural elements throughout the whole RexRE (Fig. 1A ) have a role in transducing the Rex effect. In particular, deletions of stem-loops A, B, and C as well as insertion mutations in stem I have all been described to strongly reduce Rex function. The same type of experiments have also shown that the central part of stem-loop D (SLD; Fig. 1B) is essential for the transduction of the Rex signal (Ahmed et at, 1990; Ballaun et al., 1991 : Toyoshima et al., 1990 . To address the question of whether sequences required for Rex response can be separated from the whole RexRE, we tested the Rex affinity in vitro and the in vivo function of substructures derived from the RexRE. Here we show that one stem-loop of the RexRE is sufficient to mediate specific binding of Rex and that a bubble structure element within this stem-loop is critical for binding. Upon duplication, this stem-loop mediates Rex function in levels comparable to the complete RexRE. (Hanly et al., 1989) and the restriction sites used for its mutagenesis are indicated.
MATERIALS AND METHODS

Plasmid constructions
Mutagenesis of stem-loop D sequences. Plasmid pKSRRX25/26 (Grassmann et al., 1991) contains between the T3 and T7 promoters of pBluescript (Stratagene, Heidelberg) a 286-bp segment of HTLV-1 DNA encoding the complete RexRE. Mutations were introduced into this fragment using restriction enzyme recognition sites. All plasmids were confirmed by DNA sequencing. The following is a list of constructs with a brief description of the corresponding cloning procedure. The numbers refer to nucleotides starting from the 5' end of the long terminal repeat (a) pSLD: Plasmid pKSRRX25/26 was partially digested with Banl and subsequently cleaved with Xbal. Protruding ends were filled in and religated. The resulting plasmid contains a 135-nt segment of HTLV-1 DNA (nt 442-576).
(b) pSLDNae: Plasmid pSLD was digested with Nael (partially) and Hindi and religated in the presence of HindlIl linkers (dGAAGCTTC). The resulting plasmid contains 110 bp of the RexRE DNA (nt 442-541).
(c) pSLDSty: Plasmid pSLD was cleaved with HindlIl Multimerization of SLD sequences. Plasmid pGEMD1 (D1; nt 463-540) was derived from HB1 (Bogerd et at, 1992) ; it contains an additional Bg/11 site (Bglll linker, GAAGATCTTC) immediately downstream of the inserted HTLV-1 sequence. A BamHl recognition site flanks the other side of the insert. As cleavage with BamHl and Bg/II forms compatible ends, the insert could be dimerized by cleavage of the pGEMD1 with BamHl/Aatll and Bg/I1/ Aatll, isolation of the two different D1 containing fragments, and ligation. A similar polymerization strategy has been described by Stamminger and colleagues (1990) . The resulting plasmid was termed pGEMD2. A plasmid containing four copies of the D1 insert (pGEMD4) was generated by the same strategy staffing with pGEMD2. To duplicate a shorter SLD derived segment (nt 483 -525), a synthetic piece of double-stranded DNA providing BamHl and Sacl sticky ends was cloned into the corresponding sites of pIC19tkterm (Alt and Grassmann, 1993) . The resulting plasmid (pd1) contains a Bg111 site downstream of the Sacl site allowing the application of the same dimerization strategy as described above. The plasmid obtained was named pd2. For in vitro transcription the inserts of pd1 and pd2 were removed by BamHl/ Xbal cleavage and inserted into pBluescriptKSIV (Stratagene, Heidelberg). The resulting plasmids were termed pKSd1 and pKSd2.
The HTLV-1 based reporter construct. The plasmid dSPH (Grassmann et at, 1992) (Cullen, 1986) . This vector contains the simian virus (SV) 40 origin of replication for high expression in COS cells and the human cytomegalovirus immediate-early (HCMV-IE) promoter-enhancer. The rat preproinsulin termination signal present in pBC12/CMV was removed by this cloning procedure. The resulting plasmids were designated as pCMVdsphtk, pRRX, pD1, pD2, and pD4.
The HIV reporter construct. The vector pDM128/CMV/ PL (Fridell eta& 1993) contains the SV40 origin of replication, the HCMV-IE promoter, and the open reading frame of the bacterial chloramphenicol acetyl transferase (CAT). The CAT coding sequence is positioned within an HIV-1 intron. It was derived from pDM128/CMV (Malim et • at, 1991; Hope et at, 1990) by replacing the Rev response element (RRE) with a synthetic polylinker sequence. RexRE DNA was prepared from pKSRRX24/26, pGEMD1, pGEMD2, pGEMD4, pd1, and pd2 and inserted into this polylinker. The resulting plasmids were designated as pDM128/RexRE, pDM128/D1, pDM128/D2, pDM128/D4, pDM128/d1, and pDM128/d2.
In vitro transcription and RNA-binding analyses
Rex fusion proteins were purified from transformed Escherichia coil W3110 and cleaved by the sequencespecific protease FXa into Rex polypeptide and the 0-galactosidase portion (Grassmann et al., 1991) . Synthesis and purification of [32F]UTP-labeled RNAs used in the RNA-binding assays were performed using standard protocols. The secondary structure of in vitro transcribed RNA was calculated by using the sequence analysis software of the Genetics Computer Group (Wisconsin). The program used relies on the algorithm of Zuker and Stiegler (1981) . Rex-RNA complexes were assembled and visualized using RNA gel retardation. The radioactive RNA was heat denatured (80°C for 2 min) and chilled on ice prior to use in the binding assay. For each reaction 25 ng Rex protein and the RNA-probe (1.25 x 101 cpm) were briefly spun down in an Eppendorf tube containing different amounts of E. coli tRNA as an unspecific competitor. The binding reaction was incubated in 50 mM NaCI, 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 10 U RNAguard (Pharmacia), 1 mM dithiothreitol (DTT) for 10 min on ice. Glycerol (0.5%) was added and the samples were loaded onto native 6% polyacrylamide gels (29:1) and run overnight at 5 mA Analysis of gene expression Rex effects on RNA and protein expression of indicator plasmids were analyzed by transfection of Jurkat and COS-7 cells. The monkey kidney cell line COS-7 was maintained in minimal essential medium (MEM) supplemented with 5% fetal calf serum (FCS). Cells were transfected with the DEAE-dextran-chloroquin method (Cullen, 1987) . The human T-cell line Jurkat (Schneider et a/., 1977) was cultured in RPMI 1640 medium supplemented with 10% FCS, and transfected by a DEAE dextran protocol as described previously (Grassmann et at., 1992) . Transfections were repeated at least three times with a minimum of two different plasmid preparations. Cells were harvested and protein was extracted 48 hr after transfection. COS-7 cells were transfected with 100 ng pDM128/CMV derivatives in combination with 100 ng pcRex (Rimsky et at, 1988) or pLHcRexM14 or no Rex expression plasmid. DNA of the plasmid vector pBluescriptSKll-(Stratagene) was added as carrier to a final content of 2 µg total DNA. Jurkat cells were transfected with 5 Ag of both reporter plasmid and Rex expression plasmid. The protein content was standardized and CAT assays were performed as described (Neumann et at, 1987; Malim et at, 1991) . Cytoplasmic RNA (Gough, 1988) was isolated from COS-7 cells 72 hr after transfection with 4 Ag CMVtkterm derivatives along with 4 jig of pcRex or pLHcRexM14. The RNA was analyzed by Northern blot hybridization.
RESULTS
Stem-loop D mediates transactivation of protein expression by Rex in vivo
To understand the functional role of SLD within the RexRE in vivo, its capacity to mediate the Rex effect was investigated. A transient transfection assay based on an HIV derived reporter plasmid (pDM128/CMV) was applied. CAT expression of this construct can be stimulated by Rev of Rex if an appropriate cis-acting RNA target sequence is present. The plasmid contains the CAT coding region within HIV-1 derived intron sequences flanked by the authentic HIV-1 splice sites. Sequences coding for the RRE were replaced by a synthetic polylinker, which was used for the insertion of monomeric, dimeric, or tetrameric SLD as well as the full-length RexRE. To (B) were transfected with the reporter construct pDM128/CMV containing no response element (PL), one (D1), two (D2), and four (D4) copies of stem-loop D, one (dl) and two (d2) copies of a deleted variant (for sequence see Fig. 5A ), and full-length RexRE (-). To detect the Rex effect, cells were cotransfected with a vector encoding wildtype Rex (pcRex) or a functionally inactive Rex mutant M14 (pLHcrexMl4). The mean CAT activity and the standard deviation derived from at least three independent experiments are shown. The CAT activity of the positive control was set 100% (pDM128/RexRE plus pcRex). determine responsiveness to Rex, COS-7 and Jurkat cells were transfected with the resulting plasmids in combination with plasmids expressing Rex or the nonfunctional Rex mutant M14 . As can be seen in Fig. 2 , Rex strongly induces CAT expression from pDM128/RexRE, which contains a complete copy of the RexRE. This response is specific for the RexRE since the same plasmid without HTLV-1 sequences (pDM128/ CMV/PL) was not transactivated. The plasmid pDM128/ D1, which contains a single copy of the SLD, was not detectably stimulated by coexpression of Rex, thus behaving similar to the negative control. However, stimulation of CAT activity to extents comparable to the authentic RexRE was observed with pDM128/D2 and pDM128/D4 which contain two and four copies of SLD, respectively. To determine if a stem structure which contains a splice donor site is required for the mediation of Rex function, a variant with truncated SLD was constructed. A plasmid (pDM128/d2) containing a duplication of a 43-nt (483-525) stretch of SLD sequences resulted in approximately half the activity of the authentic RexRE. Overall these observations clearly demonstrate that oligomers of the SLD can functionally substitute for a complete RexRE.
Stem-loop D sequences are capable of mediating induction of unspliced HTLV-1 RNA in viva
The Rex regulation involves appearance of incompletely spliced viral mRNA in the cytoplasm (Rimsky et al., 1988; Hanly et al., 1989) . To analyze whether this effect can also be mediated by SLD, a transient assay was applied. The reporter plasmid used is based on sequences from the 3' half of the HTLV-1 provirus, including both exons of the doubly spliced mRNA, the authentic splice sites, and parts of the env open reading frame (Fig. 3A) . The promoter in the construct is derived from the human cytomegalovirus (HCMV) immediate early genes. The 3' LTR is replaced by a polyadenylation signal derived from the herpes simplex virus thymidine kinase gene. Rex expression is prevented by a deletion of its start codon. The HTLV sequences were transcribed into a 3.8-kb primary transcript, which is spliced into a 2-kb transcript. A multiple cloning site located between the 3' end of the tax open reading frame and the termination codon was used for the insertion of RexRE-DNA and monomeric, dimeric, and tetrameric SLD-DNA. COS-7 cells were transfected with these plasmids together with wildtype Rex or mutated Rex (M14) expressing plasmids. Cytoplasmatic RNA was analyzed by Northern blot hybridization using an intron-specific probe. The result shown in Fig. 3B demonstrates the presence of unspliced RNA in the cytoplasm of cells cotransfected with pRexRE and pcRex. The same RNA was not detected when the mutated Rex protein was present. The unspliced transcript could also not be detected in the cytoplasm of cells transfected with plasmid pCMVdsphtk which does not contain the RexRE. These observations indicated that the presence of this RNA species was Rex and RexRE specific. Transfections of pD2 and pD4 yielded approximately the same amount of unspliced RNA in the presence of Rex as was detected in cells transfected with pRRX. The construct harboring the single copy of SLD, however, did not express detectable levels of the unspliced transcript. These observations therefore demonstrated that SLD sequences in reiterated form are sufficient to mediate an effect on HTLV RNA expression that is indistinguishable from the effect induced by the complete RexRE.
A bulge structure element within the stem-loop D is required for specific and efficient binding of Rex To understand the reason for the low biologic activity of isolated SLD in viva, its affinity to Rex protein was determined and compared with tandem dimers and tetramers and the whole RexRE. SLD variants with various numbers of flanking nucleotides (SLD, SLDNae, D1, dl) and the multimers (D2, D4, d2) were cloned into plasmids containing bacteriophage promoters and transcribed in vitro. The affinity of these transcripts to Rex protein was determined using RNA gel retardation assays and indirect competition with increasing amounts of unlabeled E. coil tRNA. This type of competition experiment was chosen to mimic the situation in the cell, where the RexRE has to compete with high concentrations of unspecific RNA for Rex-binding. Concentrations of the unspecific competitor resulting in half-maximal binding of Rex to the SLD derivatives were determined and taken as a measure for binding affinity. The amount of tRNA in a standard binding assay required to release one-half of the radiolabeled RexRE from bound Rex protein was defined as 100% relative affinity. The experiments were repeated at least three times. The RNAs containing SLD displayed 20-25% of the binding affinity of the full-length RexRE when tested in the sense orientation but in less than 1% in the antisense orientation (Figs. 4 and 58) . The 43-nt fragment of stem-loop D (dl) reproducibly showed little but significant specific binding (6%), which increased upon duplication to 20% (d2). This indicates the presence of a high affinity binding site within these RNAs. Transcripts containing two and four copies of stem-loop D transcripts had significantly higher affinities to Rex (Fig. 5B) . This can at least in part explain the low in vivo activity of a monomer.
To define structural elements required for Rex-binding, mutants of the SLD DNA were generated and transcribed in vitro (Fig. 4A) . One group of transcripts contains SLD variants, which are deleted for one strand of the basal stem (SLDDra, SLDSty) or the apical portion of the stemloop (SLDSpoSty). The second group of SLD derivatives are modified in the central portion, which is predicted to consists of a stem structure with an unpaired G-nucleotide and a bulge. These have an insertion at position 490 (SLDTaqSpo) and an insertion and deletion at the same position 518 (SLDStyK, SLDStyMB). The very low Rex affinity to transcripts SLDDra, SLDSty indicates that the deleted structural or sequence elements are involved in Rex-binding. Since sequences in this region can be deleted from the whole RexRE without loss of function (Ahmed et al., 1990; Toyoshima et al., 1990) , these results suggest a function of the basal stem in stabilizing the Rex-binding site. Insertion of two nucleotides in nt 490 completely interferes with Rex-binding (affinity: 1.5%). The deletion of four nucleotides in the opposite strand also totally abrogates binding, suggesting that this sequence is relevant for protein recognition. An insertion of four nucleotides in position 518, however, had the same affinity as wildtype SLD, indicating that the binding site of Rex does not overlap this sequence. The secondary structures of these RNAs were calculated. The free energy, which is a measure of the stability of the structure, is almost the same in all transcripts and cannot explain the differences observed in binding affinity (SLDNae, SLDStyMB, SLDTaqSpo, SLDStyK, .1). The mutations in SLDStyMB, SLDTaqSpo, and SLDStyK had no effects on the apical part of the stem loop and only minor effects on the basal part, which were most prominent in the mutant SLDStyK. However, as expected, the mutants differ in respect to the grade of conservation of the secondary structure surrounding the GUCG bulge. Whereas the WT conformation is almost completely preserved in mutant SLDStyK, the mutants SLDSpo and SLDStyMB have major changes of secondary structure within a region of 8 nt spanning the GUCGbulge and the opposite strand. In summary, these results show that sequences in the central part of SLD, which potentially form a bulge structure are essential for Rex binding and that a stem structure present at the basal part of this stem-loop is important for the stability of the Rex-binding site structure.
DISCUSSION
Rex regulation and the functional arrangement of the polyadenylation signals are mediated by the same complex RNA element, the Rex response element (RexRE). It consists of two stems and four stem-loops; alterations in different stem-loops and the stem structures can dramatically reduce the functionality of the element Toyoshima et al., 1990; Ahmed et al., 1990) . These observations prompted questions about the role of the individual elements in the mediation of the Rex effect. The experiments presented here demonstrate that structures required for Rex regulation can be separated from the whole element and that a short stretch of RNA derived from stem-loop D (43 nt = s of the RexRE) with a high affinity binding site is capable of mediating the Rex regulation.
The Rex effect mediated by a duplication of SLD is indistinguishable from the effect of the whole RexRE. These sequences efficiently induce protein expression from an HIV based Rex indicator plasmid and induce the appearance of unspliced cytoplasmic RNA from an HTLV-1 derived expression cassette. The effect depends on the presence of functional Rex and cannot be observed with an inactive Rex mutant. Even a 43-nt truncated stem-loop D (dl) deprived of the basal stem can mediate the Rex effect upon duplication. Sequences that are not present in this element thus have no unique role in transactivation and make no more than a quantitative contribution to RexRE function. The finding that two tandem copies of SLD are required to fully replace the wildtype response element is not without precedent. At least two tandem copies of the MS-2 target sites are required to mediate function of MS2Rex and MS2Rev fusion proteins (McDonald etal., 1992) . Furthermore, the high affinity binding site for the HIV regulator protein Rev in the Rev response element (RRE) while sufficient for function, also only works efficiently when duplicated (Huang etal., 1991) . Such observations can be explained by facilitating the multimerization of Rev/Rex proteins on the target and by the higher affinity of Rex to the dimer. An alternative explanation could be that the monomer does not form a correct secondary structure in the context of the test systems used. The context of an RNA target was demonstrated to have strong influence on its capacity to mediate the regulatory effect of an RNA binding protein (Venkatesan et al., 1992) .
By means of a quantitative gel retardation assay it could be demonstrated that the SLD of the RexRE is sufficient to mediate high affinity binding of Rex. Mutagenesis of SLD revealed two regions important for Rex binding. One region in the central part is predicted to form a bubble structure (Hanly et al., 1989) . It closely overlaps with sequences that have been shown to be protected from chemical modification in the presence of Rex (Bogerd et al., 1992) and that therefore have been proposed to form the high affinity binding site. The total lack of Rex-binding observed with two deletion and one insertion mutants that have only minor changes in this region suggests a strict sequence or structural constraint for the Rex-binding site. Similar observations were made upon the mutagenesis of the target sequences of the RNA binding HIV proteins Tat and Rev Bartel et al., 1991; Roy et al., 1990; Dingwall et al., 1990) . The second element relevant for binding of Rex to the SLD is a stem structure in the basal part of this SLD, which includes the splice donor site. Removal of this element strongly reduce the affinity to Rex. A similar structure located at the same position in HTLV-2 has been shown to be critical for binding (Black et al., 1991) . This structure is not in contact with bound Rex (Bogerd et al., 1992) and can be deleted from the whole RexRE without loss of function (Toyoshima et al., 1990; Ahmed et al., 1990) . However, its deletion from SLD (d1) results in a 50% reduction of the Rex response. This may suggest a role in stabilization of the structure of the binding site. Sequences outside of the SLD are also likely to contrib-ute to the stability of the binding site, since the affinity of SLD to Rex is only 25% of the affinity of the complete RexRE. These elements could also provide an optimal context for the binding site located in SLD. This assumption is supported by the observation that the activation induced by a Rev-MS2 fusion protein tethered to the MS2 operator sequence was markedly increased if the MS2 RNA target was inserted in the context of RRE sequences. This enhancement was mediated rather by the structure than by the sequence of the RRE (Venkatesan et al., 1992) . The negative effects induced by deletion of RexRE structures different from SW therefore can be explained by perturbation of an optimal context resulting in decreased stability of the RNA-binding site. Overall, however, these results demonstrate that the 43-base truncated SLD of the RexRE is fully sufficient to mediate Rex function in vivo when presented in a reiterated form.
